Insulin regulates cellular metabolism and growth through activation of insulin receptors (IRs). We recently identified a nonpeptide small-molecule IR activator (compound 2), which induced human IR tyrosine kinase activity in Chinese-hamster ovary cells expressing human IR [Qureshi, Ding, Li, Szalkowski, Biazzo-Ashnault, Xie, Saperstein, Brady, Huskey, Shen et al. (2000) J. Biol. Chem. 275, [36590][36591][36592][36593][36594][36595]. Oral treatment with this compound resulted in correction of hyperglycaemia, hypertriacylglycerolaemia and hyperinsulinaemia in several rodent models of diabetes. In the present study, we have found that this compound increased tyrosine phosphorylation of the IR β-subunit and IR substrate 1 in primary rat adipocytes as well as induced phosphorylation of Akt, the 70 kDa ribosomal protein S6 kinase and glycogen synthase-3 (deactivation) in Chinesehamster ovary cells expressing human IR. Similar to insulin, compound 2 stimulated glucose uptake, glycogen synthesis and inhibited isoprenaline-stimulated lipolysis in adipocytes. A struc-
INTRODUCTION
The insulin receptor (IR) is expressed in almost all mammalian tissues, with the highest concentration found in target tissues of insulin, muscle, adipose tissue and liver [1] . The IR is an α2\β2 tetramer. The α-subunits are located external to the plasma membrane and contain the insulin-binding sites, whereas the β-subunits are transmembrane proteins containing the tyrosine kinase domains [2, 3] . Insulin binding to the IR leads to autophosphorylation and activation of the tyrosine kinase, resulting in subsequent phosphorylation of several intracellular substrates [4] . IR substrate (IRS) 1 was the first docking protein identified in the IRS family [5] . Tyrosine-phosphorylated IRS-1 protein transduces downstream signals by binding directly to the Src homology 2 (' SH2 ') domains of various signalling proteins, including phosphoinositide 3-kinase (PI 3-kinase). Activation of PI 3-kinase is one of the earliest steps in the insulin signalling pathway [6] and plays a major role in many insulin-regulated responses, including stimulation of glucose uptake [7] [8] [9] [10] [11] , glycogen synthesis [12, 13] , anti-lipolysis [14] [15] [16] , protein synthesis [17] and gene expression [18, 19] .
Insulin is an essential hormone for maintaining whole-body glucose homoeostasis. In normal individuals, the response to increased plasma glucose levels is to increase the secretion of insulin from the β-cells of the pancreatic islets. Insulin stimulates glucose transport into peripheral tissues. In Type II diabetes, a decrease in the ability of insulin to stimulate glucose disposal, inhibit hepatic glucose production and a relative deficiency in insulin secretion lead to a complex metabolic disorder [20] . The Abbreviations used : CHO.IR, Chinese-hamster ovary cells expressing human IR ; GSK-3, glycogen synthase kinase-3 ; IR, insulin receptor ; IRS, IR substrate ; IRTK, IR tyrosine kinase ; p70 S6 kinase, 70 kDa ribosomal protein S6 kinase ; PI 3-kinase, phosphoinositide 3-kinase. 1 To whom correspondence should be addressed (e-mail victorIding!merck.com).
turally related analogue (compound 3) was devoid of the above activities suggesting that the activity of compound 2 is specifically mediated by targeted IR activation. The effects of compound 2 on stimulation of glucose uptake, glycogen synthesis and inhibition of lipolysis were blocked by wortmannin, consistent with the involvement of a phosphoinositide 3-kinase-dependent pathway. In addition, compound 2, but not compound 3, exhibited additive or synergistic effects with sub-maximal concentrations of insulin in rat adipocytes. Thus the IR activator was capable of activating insulin-mediated signalling and metabolic pathways in primary adipocytes. These results demonstrate that IR activators have implications for the future development of new therapeutic approaches to Type I and Type II diabetes.
Key words : adipocytes, Akt, anti-lipolysis, insulin signal transduction, isoprenaline. molecular basis for insulin resistance in Type II diabetes is complex and remains poorly understood. Several studies [21] [22] [23] [24] have described insulin resistance manifested as deficiencies in IR signalling, such as decreases in IRS-1 and IRS-2 phosphorylation, PI 3-kinase activation and IR tyrosine kinase (IRTK) activity in human subjects and rodents with Type II diabetes. Studies using tissue-selective IR knockout mice demonstrated further the important role of insulin signalling in maintaining insulin sensitivity and glucose homoeostasis [25] . In a previous study [26] , we identified a small-molecule IR activator (compound 2) with insulin-mimetic and insulinsensitizing activities in cells and animals. The aim of the present study is to characterize the effect of the compound on insulin signalling pathways involved in the stimulation of glucose uptake, anti-lipolysis and glycogen synthesis in primary adipocytes and Chinese-hamster ovary cells expressing human IR (CHO.IR).
The results of these studies demonstrated that the IR activator compound is an effective insulin mimetic agent in the cellular model of insulin-sensitive adipose tissue. (Plymouth Meeting, PA, U.S.A.). Dinonylphthalate was obtained from ICN (Costa Mesa, CA, U.S.A.). Bovine insulin, cytochalasin B and other chemicals were purchased from Sigma (St. Louis, MO, U.S.A.). SDS\PAGE gels were purchased from Novex (San Diego, CA, U.S.A.). Compound 2 o2,5-dihydroxy-3-(1-methyl-1H-indol-3-yl)-6-phenyl- [1, 4] benzoquinoneq and compound 3 o2,5-dihydroxy-3-(4-methoxyphenyl)-6-phenyl- [1, 4] benzoquinoneq were synthesized at Merck (Rahway, NJ, U.S.A.) as described previously [27] . Stock solutions were prepared in DMSO and diluted in serum-free media containing 0.02 % ascorbic acid.
MATERIALS AND METHODS

Materials
Animals
Male Wistar rats were from Charles River (Wilmington, MA, U.S.A.). Epididymal adipose tissues were removed from rats weighing 120-200 g. Rats were given a standard laboratory diet. All procedures for the humane handling, care and treatment of research animals were done according to humane animal use procedures approved by the Merck Institutional Animal Care and Use Committee.
Cell culture and treatment
CHO.IR cells (a gift from Dr Richard Roth, Stanford University, Stanford, CA, U.S.A.) were cultured and maintained as described previously [28] . Cells were starved in serum-free media for 2 h before treatment with insulin, compound or vehicle. 
Measurement of anti-lipolysis in adipocytes by glycerol release
Isolated adipocytes were obtained from rat epididymal adipose tissue as described previously [14] . The adipocytes (200 µl of packed cells) were incubated at 37 mC in a total 1 ml of Krebs-Ringer bicarbonate buffer [120 mM NaCl, 4.7 mM KCl, 
Measurement of glucose uptake
Glucose uptake in adipocytes was performed as described previously [29] with minor modifications. Adipocytes were stimulated with insulin, compound or vehicle for 30 min and then incubated for another 30 min at 37 mC in the presence of -[U-"%C]glucose (0.1 µCi\µmol). Cytochalasin B was added at the same time to one of the treatments as a negative control. The effect of wortmannin (200 nM) was assessed by incubating the adipocytes with the inhibitor for 20 min before the addition of insulin or compound. Glucose uptake was measured by the incorporation of ["%C]glucose into cells.
Measurement of glycogen synthesis
Glycogen synthesis was determined from the incorporation of ["%C]glucose into glycogen [30, 31] , with modifications. The reaction mixture (500 µl) containing 200 µl of packed adipocytes, 0.5 % glycogen, and -[U-"%C]glucose (0.2 µCi\µmol final specific radioactivity) in Krebs-Ringer bicarbonate buffer was incubated for 90 min at 37 mC in O # \CO # (19 : 1). After incubation, 100 µl of 1 M NaOH was added and 500 µl was spotted on to 2 cmi8 cm filters (3MM ; Whatman, Maidstone, Kent, U.K.). Filters were washed in 66 % (v\v) ethanol three times for 10 min each at Regulation of insulin signalling by a small-molecule insulin receptor activator 25 mC, immersed in acetone, dried and the radioactivity incorporated into glycogen was counted.
SDS/PAGE and Western-blot analysis
Phosphorylation of IRS-1, Akt, glycogen synthase kinase-3 (GSK-3) and 70 kDa ribosomal protein S6 kinase (p70 S6 kinase) was detected by Western blotting. Cell lysates of adipocytes or CHO.IR cells were fractionated by SDS\PAGE on 4-12 % (w\v) or 4-20 % (w\v) gels. The proteins were transferred on to nitrocellulose filters, which were subsequently incubated with antibodies directed against phosphotyrosine, phosphorylated Akt (Ser%($), phosphorylated GSK-3α\β (Ser#" /* ) or phosphorylated p70 S6 kinase (New England Biolabs, Beverly, MA, U.S.A.). An anti-(GSK-3) monoclonal antibody (Upstate Biotechnology, Lake Placid, NY, U.S.A.) and an anti-(p70 S6 kinase) polyclonal antibody (New England Biolabs) were used to determine the levels of total GSK-3 and p70 S6 kinase respectively. After incubation with horseradish peroxidase-conjugated second antibodies, the signals were detected with the Renaissance enhanced chemiluminescence kit (NEN Life Science Products).
Other methods
Protein concentrations were determined using the Bradford protein assay reagent (Bio-Rad Laboratories, Hercules, CA, U.S.A.) following the manufacturer's instructions. Significant differences between treatment and control groups were assessed using Student's t test. Values are reported as meanspS.E.M.
RESULTS
Activation of IR signal transduction in adipocytes and CHO.IR cells
In a previous study [26] , we have reported that compound 2 activated human IRTK activity with an EC &! of 300 nM. In contrast, compound 3 was not effective in activating IRTK in CHO.IR cells. Compound 2, but not compound 3, stimulated In the present study, we determined whether compound 2 was able to stimulate tyrosine phosphorylation of the IR and IRS-1 in primary rat adipocytes, which express physiological levels of IR. Rat adipocytes were treated with insulin or test compounds and then lysed. Lysates were subjected to Western-blot analysis using antibodies against phosphotyrosine or Akt phosphorylated at Ser%($. As shown in Figure 1 , insulin and compound 2 stimulated tyrosine phosphorylation of the IR β-subunit and IRS-1 as well as phosphorylation of Akt in a dose-dependent manner. Compound 3 did not stimulate phosphorylation of the IR β-subunit, IRS-1 or Akt in adipocytes. These results confirmed that compound 2 is specific in activating proximal steps in the insulin signal transduction pathway. p70 S6 kinase is another key enzyme downstream of the PI 3-kinase pathway. Activation of p70 S6 kinase by insulin was accompanied by an increase in phosphorylation of serine\ threonine sites. Compound 2, but not compound 3, and insulin stimulated phosphorylation of p70 S6-kinase in CHO.IR cells (Figure 2A ). Although activation of p70 S6 kinase by insulin is PI 3-kinase-dependent, PI 3-kinase-independent processes of p70 S6 kinase activation have been reported [4] . Our findings in Figure 2 (A) indicated that the phosphorylation of p70 S6 kinase by insulin and compound 2 was completely inhibited by wortmannin. Total p70 S6 kinase protein level of each sample was constant ( Figure 2B ).
We also carried out experiments to determine whether compound 2 activates downstream steps in the insulin signal transduction pathway that are involved in glycogen synthesis. GSK-3 is involved in regulation of glycogen synthase activity and is phosphorylated and inactivated by Akt in response to insulin stimulation [32, 33] . Lysates from CHO.IR cells treated with insulin or test compounds were subjected to Western-blot analysis using antibodies against GSK-3. Similar to insulin, compound 2 stimulated phosphorylation of both the α and β forms of GSK-3 in a dose-dependent manner ( Figure 3A) . Maximal GSK-3 phosphorylation or inactivation in response to insulin and compound 2 occurred at 5 min (results not shown). Phosphorylation of GSK-3 by insulin and compound 2 was blocked by preincubation of the cells with wortmannin, suggesting the involvement of a PI 3-kinase-dependent pathway [6] . In contrast, compound 3 did not stimulate phosphorylation of GSK-3. The level of total GSK-3 protein in the lysates remained unchanged ( Figure 3B ).
Effect of compounds on glucose uptake
Glucose transport across the cell plasma membrane is the first step of glucose metabolism in the target tissue. As shown in Figure 4 , 10 nM insulin maximally stimulated glucose uptake in adipocytes. Compound 2 alone significantly stimulated glucose uptake at 10 µM, but not at 1 µM. However, a combination of 1 µM compound 2 with the sub-maximal effective concentration of insulin (0.1 nM) resulted in significant stimulation of glucose uptake, suggesting that compound 2 exerted both insulin-mimetic and insulin-sensitizing activities in adipocytes. The effect of insulin and compound 2 on stimulation of glucose uptake was eliminated by preincubation of adipocytes with wortmannin. Compound 3 had no effect on glucose uptake at 10 µM.
Inhibition of isoprenaline-stimulated lipolysis in adipocytes
Since the endogenous level of lipolysis is low in adipocytes, we used isoprenaline-stimulated (0.1 µM) lipolysis to verify the anti-lipolytic activity of insulin or compounds. Insulin (10 nM) or compound 2 (10 µM) alone significantly inhibited lipolysis ( Figure 5 ). An additive effect was observed at low concentrations of insulin (0.1 nM) plus compound 2 (1 µM), whereas compound
Figure 6 Effect of wortmannin on isoprenaline-stimulated lipolysis in adipocytes
Cells were preincubated in the absence or presence of wortmannin (Wort.) for 20 min before addition of insulin (In), compound 2 (Cpd 2) or a combination of insulin and compound 2 (InjCpd 2). All samples were stimulated with 0.1 µM isoprenaline (ISO). **P 0.01 compared with compound 2 (3 µM). Results are meanspS.E.M. of six determinations derived from two independent experiments.
3 showed no effect at 30 µM. Pretreatment with wortmannin completely reversed the inhibition of lipolysis induced by insulin or insulin plus compound 2 ( Figure 6 ), indicating the involvement of a PI 3-kinase-dependent pathway. In the present study, insulin was able to inhibit approx. 60-80 % of the lipolysis mediated by cAMP following isoprenaline stimulation. Earlier studies [15, 34] have shown that the anti-lipolytic effect of insulin was most pronounced at low intracellular concentrations of cAMP. Incomplete inhibition of lipolysis by insulin was observed in cells, possibly due to high cAMP levels [34, 35] .
Stimulation of glycogen synthesis
Glycogen accumulation in cells is dependent on the dose of glucose and is regulated by glycogen synthase, the rate-limiting enzyme in glycogen synthesis. To avoid the increasing number of lysed adipocytes during the incubation period, a minimal incubation time of 90 min was used to compare the incorporation of ["%C]glucose into glycogen. ["%C]Glucose incorporation into glycogen was significantly increased in the presence of 10 nM insulin (Figure 7 ). Compound 2 (10 µM) significantly stimulated glucose incorporation when compared with the basal level. Although compound 2 alone at 1 µM did not affect glycogen synthesis, it significantly stimulated glycogen synthesis (P 0.01) in the presence of 0.1 nM insulin. Compound 3 was again ineffective at 30 µM. The incorporation of ["%C]glucose into glycogen stimulated by insulin or compound 2 was completely inhibited by wortmannin (Figure 8 ).
DISCUSSION
Type II diabetes is a complex metabolic disorder characterized by abnormal insulin secretion caused by impaired β-cell function and insulin resistance in target tissues [36] . Indeed, defects in IR and its signal transduction pathway have been found in insulin-resistant patients [37] , including decreased IR and IRS-1 phosphorylation and PI 3-kinase activity [38] . Therefore augmenting IR signalling or stimulating IR activation is a potential approach to improving insulin sensitivity in Type II diabetes. Previously [26] , we demonstrated that small-molecule IR activators were capable of stimulating IR and Akt phosphorylation in CHO. IR cells. The results of the present study illustrated that the activator compound was also able to mimic the effect of insulin on GSK-3 inactivation and p70 S6 kinase activation, two downstream steps in the insulin signalling pathway that are important for the glucose metabolism and glycogen synthesis.
In the present study, we characterized the effects of compound 2 on proximal steps of insulin signal transduction pathway in adipocytes, a cellular model for an insulin target tissue. The advantage of using primary adipocytes is that these cells express physiological levels of the IR and downstream signalling molecules compared with transfected cell lines, which overexpress one or multiple components of the insulin signalling pathway. Adipocytes also provide a unique system for investigating metabolic effects of insulin. Compound 2, but not the inactive analogue compound 3, stimulated phosphorylation of IR β-subunits and IRS-1 as well as signals downstream of Akt. In functional assays, compound 2 stimulated glucose uptake, inhibited isoprenaline-stimulated lipolysis and increased glycogen synthesis in adipocytes. These results indicated that compound 2 was capable of mimicking the metabolic effects of insulin in adipocytes.
Adipocytes have been reported to contain two distinct IR populations, one with normal kinase activity and the other with a defective kinase [39] . In Type II diabetes, the ratio of the two receptor populations could favour the defective receptor population. Thus activation of kinase activity may potentiate insulin signal transduction and improve insulin resistance. IR activator compound 2 was found to activate IRTK activity of β-subunits both in itro and in i o [26] . Compound 2 significantly increased insulin-stimulated IRTK activity in liver of normal mice. In the present study, compound 2 at a high concentration (10 µM) exhibited insulin-mimetic activity and exerted insulin-sensitizing activity at a low concentration (1 µM). Treatment with both insulin and compound 2 at sub-efficacious doses resulted in a significant increase in glucose uptake, glycogen synthesis and anti-lipolysis in adipocytes, indicating that both insulin and compound 2 activate the same signal transduction pathway. The ability of compound 2 to exert an insulin-mimetic and insulinsensitizing effect in adipocytes may explain the fact that compounds of this class are capable of improving insulin sensitivity and lowering glucose in animal models with hyperglycaemia and hyperinsulinaemia [26, 28] .
There is an apparent discrepancy in the effectiveness of compound 2 in stimulating glucose uptake and glycogen synthesis and inhibition of lipolysis. Since these downstream steps in the insulin signalling pathway involve activation\inhibition of complex networks of adapter proteins, kinases, phosphatases and other effector molecules, it is possible that compound 2 has differential effects on these signalling steps. Further experiments will be necessary to fully address this issue.
In the insulin signalling pathway, activation of PI 3-kinase is one of the earliest steps and plays a major role in many insulinregulated responses. Several kinases appear to carry the signal initiated by PI 3-kinase activation to its functional destination, including the serine\threonine kinase Akt. The involvement of Akt in GLUT 4 translocation and glucose uptake has been reported in different cell types [40] [41] [42] [43] . PI 3-kinase and Akt are two important signals in the regulation of glucose homoeostasis in the target cells. The results in the present study demonstrate that the cellular effects of both insulin and compound 2 were blocked by the PI 3-kinase inhibitor wortmannin, indicating the involvement of a common PI 3-kinase-dependent pathway.
Taken together, the results of the present study illustrate that the small-molecule IR activator compound 2 exerts both insulinmimetic and -sensitizing effects in CHO.IR cells and adipocytes. These agents may provide useful tools to dissect further the signal transduction pathways downstream of the IR.
